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Abstract 


Introduction. To improve the diagnostics of knee joint diseases, it is necessary to enhance the quality of processing 
radiographic images, i.e., to provide experts with more accurate information for pathology analysis. The objective of the 
study is to demonstrate the capabilities of fuzzy logic in improving the algorithm for determining reference lines and knee 
flexion angles. This requires a program that analyzes X-ray images. The methods known today, described in scientific 
and applied literature, are not sufficiently automated. In some cases, orthopedists and surgeons have to manually refine 
images and adjust lines. This gap is filled by the presented work. The algorithm developed by the author is described. It 
does not involve human participation and automatically identifies the lines and angles of knee flexion. Based on the result 
issued by the system, the doctor can, firstly, judge the presence of pathology. Secondly, the information provided by the 
program allows for more accurate planning, performing operations, and prescribing therapy. 

Materials and Methods. Images from two X-ray machines operating in Al-Basel Hospital (Latakia, Syria) were used. 
The Python language was used for the software implementation of the algorithm. The solution was tested on 500 patients 
at Al-Basel Hospital. The results generated by the new system and previous versions of X-ray image processing programs 
were compared. 

Results. An algorithm for constructing reference lines and angles for processing knee joint X-ray images is created, 
described, and implemented in practice. The capabilities of fuzzy logic in automating double threshold detection when 
identifying bone boundaries in images are shown. The operation of an improved Gaussian filter designed for processing 
X-ray images is described. The modified method of knee bone X-ray analysis includes the development of an algorithm 
for automatic detection of structures and anomalies in knee joints, determination and measurement of anatomical 
parameters, assessment of the degree of damage, etc. The method for determining the contour boundaries on radiographs 
combined the Canny detector, the watershed algorithm, and fuzzy logic. The program has been implemented in medical 
practice and shows 98% accuracy, spending less than 20 seconds to process the image. 

Discussion and Conclusion. The new system provides high accuracy, acceptable efficiency, and does not require manual 
correction of images. Experts are now able to identify subtle indicators of disorders. In addition, the new method makes 
it possible to understand complex cases when several factors are combined, indicating potential pathology. Widespread 
implementation of the method will improve the quality of medical services in orthopedics. Scientific research in this 
direction should be continued to expand the set of strategies for the treatment of diseases of the musculoskeletal system. 
It is necessary to create solutions with absolute accuracy, higher processing efficiency, as well as methods suitable for 
analyzing other joints. 
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AHHOTalna 

Beeoenue. Ina yay wena uarHocTuKH 3a0o0eBaHHi KOJICHHOFO CycTaBa HEOOXOJHMO MOBbICHTb KauecTBO OOpaboTKH 
peHTreHorpaduyeckux w300paxkeHuii, T.e. JaTb crielMamMctam Oonee TOUHYIO HHPOpMaLlHIo JIA aHau3a WaTOOrHH. 
Lem uccneqoBaHua — MOKa3aTb BO3MO2KHOCTH He4YeTKOM JIOTHKM B COBEPIICHCTBOBaHHN aJITOpHTMa olpeyeueHua 
ONOPHBIX JIMHHM MU yruioB cruOaHna Kosena. Ja 9TOTO HeOOxOAMMa IporpamMa, KOTOpasd aHallM3upyeT peHTreHOBCKHe 
cHuMKH. Vi3BecTHbIe Ha CeroqjHA MeTOJbI, ONMCaHHbIe B Hay4HOH UM UpukaqHol MMTeparype, HeocTaTOuHO 
aBTOMAaTH3HpoOBaHbl. B page ciyyaeB opTomeyqaM H XMpypraM MIpHxoANTcaA BpydHy!o AOpabaTEBaTb W300paxKeHHaA, 
KOPpeKTHpoBaTb JIMHUH. OTOT UpobeN BOCMOMHAeT IpeycTaBeHHas padota. OnvcaH CO3{aHHbIii aBTOPOM asIrOpHTM, 
KOTOpbIM He lIpeqMosaraeT yuacTHA YeOBeKa, ABTOMATHYeECKH HACHTHPUUMpyeT JIMHMM UM yribl crHOanua KoseHa. Ilo 
Pe3yJILTaTy, BbIJaHHOMYy CHCTeEMOM, Bpad MOXKET, BO-IepBbIX, CYHTb O HaIM4NH NaToOorMu. Bo-BTopbix, cBeqeHHA, 
IIpeOcTaBIAeMbIe IPOrpaMMOH, MO3BOJIAIOT TOUHEE MIaHHpOBaTh, IPOBOAHTb OllepallHu MW Ha3sHayaTb TepaliHio. 
Mamepuaaoi u memoodoi. Uctionp30Banucb CHAMKM JIBYX PCHTTCHOBCKHX alilapaToB, KOTOpble paOoraloT B OObHULe 
Asb-ba3enb (Jlatakus, Cupua). Ja mporpaMMHon peasm3alHv aIropHTMa 3aelcTBOBalIM A3bIK «IIuToH» (Python). 
Pemienue upotectupoBamm Ha 500 nauuentax OonbHuyst Asb-ba3serb. CpaBHHBasIMCb pe3yJIbTaTbl, KOTOpBIe 
creHepHpoBasia HOBad CHCTeMa HM Tipe WecTByIOWMe BepCHH IIporpaMM OOpaboTKH peHTreHOBCKHX CHHMKOB. 
Pesynomamoi uccnedoeanua. Co3aH, ONMCaH M peasiM30BaH Ha MpaKTHKe asIrOpHTM MOCTpOeHHA OMOPHbIX JIMHMM U 
YIIOB Jd OOpaOoTKH PeHTTeHOBCKHX CHHMKOB KOJIeHHoro cycTaBa. IloKa3aHbI BO3MOXKHOCTH HeYeTKOM JIOTHKH B 
aBTOMATH3allMH OOHapyxKeHHA FBOMHOTO Mopora MPH BbIABIIGHHM TpaHH KOCTH Ha H300paxKeHHAX. OrnmcaHa padota 
YCOBepIICHCTBOBaHHOTO rayccoBCKOrO (puJIbTpa, IIpeqHasHayeHHOro AIA OOpadoTKH peHTreHorpamM. 
MogudunnpopaHHblit MeTOy aHasIu3a peHTTeHOBCKHX CHHMKOB KOJICHHBIX KOCTel BKJIIOUAeT pa3spaoorTkKy aIropuTMa JIA 
aBTOMaTHYecKorO OOHapyxKeHHA CTpyKTyp HW aHOMaJIMii B KOJICHHBIX CYyCTaBax, OMpeyeeHia WM M3MepeHHa 
aHaTOMHUYeCKHXx MapaMeTpoBs, OLCHKY CTeMeHH NOBpexkeHHA H T.7. 

Merog onpeyeeHua rpaHl, KOHTypoB Ha peHTreHorpaMMax OObeMHUI TeTeKTop KoHHH, alropHTM Boyopa3yeua 
HeyeTKy1o Joruky. IIporpamma peasIM30BaHa B MeJMIMHCKOM MpakTHKe HM MOKa3bIBaeT TOUHOCTH 98 %, 3aTpayuBad Ha 
oOpadoTKy cHuMKa MeHee 20 ceKyHI. 

O6cyocdenue u 3akmio4uenue. Hopas cucTeMa JaeT BbICOKYIO TOUHOCTS, MIpHeMJIeMyIO OllepaTHBHOCTb HU He TpebyeT 
Py4dHo KOppeKTHpoBKH CHHMKOB. CrelMaiHcTbI MOYYHIM BO3MO2%KHOCTb BbIABUTb MaJIO3AMeTHbIC MHAMKATOpbl 
HapyuieHui. Kpome Toro, HOBbIi MeTOJ MO3BONAeT pas0OpaTbesA B CIIOMHBIX CyYaAX, KOTa COUCTAIOTCA HECKOJIbKO 
(pakTOpOB, yKa3bIBaIOWIMX Ha BO3MOXKHY!I0 MaTosoruio. Lupokoe BHeApeHHe MeTOsa MOBBICHT KaYeCTBO MeCAMUMHCKUX 
ycllyr B opToneguu. CreqyeT MpOMOMKHTh Hay4Hble W3bICKAHHA B JAHHOM HalipaBIeHHH JWIA paciuMpeHua HaOopa 
cTpaTerHi slevenua 3a00eBaHHit OMOpHO-yBuraTebHOro altmapata. IIpeqcTouT co3faTb pelieHua c a0coOTHOH 
TOUHOCTBIO, Oosee BLICOKOM OlepaTHBHOCThIO OOpaoorTKH, a TaKWKE METOABI, MOAXOTAMME [IA AHAIIM3a pyrux CyCTaBOB. 


KaroyeBble C10Ba: ONOPHbIe JIMHUM B PeHTreHorpadun, yIibl KOJICHHBIX CYCTaBOB B PeHTTeHorpaun, asIropHT™M 
K9HHH, yCOBepLIeCHCTBOBaHHBIM (puBTp aycca, almropuTM Bosopa3yeua 


Jia waTupopanua. Mannaa A.C. Anroputm oOpadoTKn peHTreHOBCKHX H300paKeHHH C HCTIOsIbB30BaHHeM HeYeTKOM JIOMHKH. 
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Introduction. Improving the quality of X-ray images is a critical task with direct implications for the quality of 
medical diagnosis and subsequent treatment, especially in cases like joint replacement surgeries. Advancements in 
medical imaging technologies, including X-ray imaging, are vital for providing more accurate and detailed information 
to healthcare professionals. There are some strategies and advancements that can help improve X-ray image quality and 
subsequently benefit joint replacement surgeries and other medical procedures. 

Analysis of X-ray images allows identifying and evaluate various pathological conditions [1]. Algorithms for image 
segmentation and bone delimitation have made a significant contribution to improving the clarity and accuracy of X-ray 
image interpretation. However, such visualization still needs improvement, as it is not always completely defined, leaving 
room for different interpretations [2]. 

Advances in intelligent computing make it possible to use fuzzy logic to remove imprecision and ambiguity in the 
medical image analysis. Fuzzy logic mimics human thinking, and it is a reliable basis for creating algorithms that can 
efficiently process and analyze X-ray images [3]. 
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In [4], reference lines and their relationships were studied for the purpose of correcting the shape of the legs. 
In [5], clinical results of treating multiaxial deformities of the lower extremities were compared to how this was reflected 
in X-ray images. The literature describes software products that can analyze X-ray images of bones. However, all these 
systems have a common drawback: sometimes they incorrectly recognize contours. If this happens, the specialist manually 
refines the image. This problem is solved in the presented scientific work. A new algorithm for analyzing X-ray images 
is proposed using fuzzy logic and improved traditional approaches. The solution eliminates the need for manual image 
processing. The program operates with high accuracy and ample efficiency. It allows for more accurate detection and 
characterization of anomalies in X-ray images, i.e., improves diagnostics. 

Materials and Methods. In carrying out this scientific work, the author proceeded from the fact that the assessment 
of limb deformations requires an analysis of the anatomical and mechanical axes of long bones, as well as the angles 
between them. Figure | shows the initial limits of angles for healthy people of different ages. If the indicator is outside 
these limits, then the patient has a deformed limb and needs surgical intervention. 


79-83° 
a) 85—90° 


85—90° 85—90° 


a) b) 


Fig. 1. Support angles between mechanical axes for healthy people: 
a — for young people; b — for elderly people [4] 


In orthopaedics, the concepts of mechanical and anatomical axis are crucial to understanding the arrangement and 
function of bones, especially in the lower extremities. The anatomical axis runs through the center of the bone shaft, 
through the middle of the diaphysis. The mechanical axis reflects the direction of the forces acting on it. In the lower 
extremities, it runs from the center of the hip joint to the center of the ankle joint. 

By examining the mechanical axis, it is possible to understand the load-bearing capacity and load distribution in the 
bone. This is particularly important for the diagnosis and treatment of osteoarthritis, fractures, and for determining the 
position of implants or prostheses. 

It is necessary to know the features of the anatomical axis to distinguish natural curvature from pathological 
curvature. This is also important under surgical interventions, since it helps surgeons understand whether the bone 
is positioned correctly. 

Two parameters are particularly important for assessing the anatomy of the femur and tibia: 

- ALDFA (axial length of the distal femoral axis); 

—- MPTA (medial proximal tibial angle). 

They are extremely informative when it comes to identifying knee deformities. ALDFA determines the orientation of 
the distal femur relative to its longitudinal axis, MPTA shows the inclination of the medial surface of the tibia relative to 
its mechanical axis (Fig. 2). 


Fig. 2. Angles between femur and tibia used to assess anatomy and detect pathology: 
1 — medial genu-diaphyseal angle (MGDA) = 130° (124°—136°); 2 — medial proximal femoral angle (MPFA) = 84° (80°—89°); 
3 — ALDFA = 81° (79°-83°); 4 — MPTA = 87° (85°—90°); 5 — lateral distal tibial angle (LDTA) = 89° (85°-92°) [5] 
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The angles shown in Figure 2, in combination, demonstrate the possibilities of knee joint alignment or deformation. 
Orthopedists use the norm (numbers in brackets) to draw conclusions about the type, severity of deformations, and 
develop a treatment plan [6]. 

The Canny edge detection algorithm is a robust method widely used to identify boundaries in images. It builds 
reference lines and angles from X-ray images as follows. The first step uses an improved Gaussian filter, which smoothes 
the image, reduces noise [7]. Next, gradients are calculated using the Sobel or Prewitt operators. The method is often used 
to detect the image edges. This allows both weak and strong edges to be taken into account. This way, the algorithm 
determines the edges more accurately and reduces the noise level more effectively. 

Despite its computational complexity, the Canny algorithm remains a fundamental part of computer vision due to its 
ability to cope with noise and clearly detect edges. 

To correctly select the standard deviation value, the absolute values of the point x(i, /) in the gray pixel are compared [8]. 
If kG | < eG) < beG, 7) — ul, then the standard deviation o = 1. In this case, the point is less affected by noise. Standard 
deviation o = 1.6 indicates significant noise. 

To automatically detect the edges (71, 72), Canny uses double thresholding, classifying pixels in the image by gray 
intensity. We calculate the average value of all pixels (71), after which 71 is used to divide the image into two 
areas — object and background. Pixel values that exceed the initial threshold 71 are taken as objects, and the rest are 
taken as background. Now there are two sets of values: one for the object (ob) and one for the background (bg). For each 
of the two regions (object, background), a threshold value is calculated. Let us calculate 72. We start with the fact that: 

T0 =(Tob+Tbg)/ 2. (1) 


New value 70 is taken as 71, and the process is repeated until 70 ~= 71. Final value 70 is taken as 72. 

The final step involves boundary binding to identify related boundary components in the VNSA (valgus knee shaft 
angle) image. This helps to combine disparate boundaries into larger structures, which improves image perception and 
analysis. It is advisable to integrate fuzzy logic principles and traditional software approaches to edge detection. In this 
case, membership functions are used that assign membership degrees to pixels based on gray intensity values, allowing 
for a detailed representation of edges. 

Unlike the binary approach, the fuzzy method facilitates a gradual transition in the range of membership values from 
0 (no membership at all) to 1 (full membership), capturing the inaccuracies of the boundaries. Fuzzification transforms 
crisp image data into fuzzy sets, taking into account the uncertainty. Defuzzification transforms fuzzy results into crisp 
ones for further analysis. 

A notable advantage of the method is its adaptability to real-world scripts, specifically to those with varying degrees 
of noise and ambiguity. However, careful parameter tuning may be required to achieve optimal performance; therefore, 
finding a balance between sensitivity and specificity in edge detection applications is critical [9]. 

A more detailed representation of edges can be achieved by disambiguating image boundaries. This requires assigning 
membership degrees to pixels. 

Each pixel is processed using fuzzy rules. If any of the fuzzy rules shown in Figure 3 are met, the pixel is processed 
as an edge, otherwise it is not taken into account. This provides highlighting the boundaries of objects that are different 
from noise and other image elements. The importance of this solution has been proven in relation to the analysis of the 
humerus from X-ray images [10]. 


I4=1 i. B=i,M= i, B=1, 
N&&I2GR3&EIS&&16&&ITKE&IB = 0 N1& SIZE KG KAT KEIB = 0 

I5=1 I1l=1,122=1,B=1, iene 
N&&I2G&I3& 814 & &16&&17K&I18 = 0 | V4& &IS&& 16K ITB = 0 

16=1 1I5=1,16=1,17=1, 
N&&I2GR3& E14 &&IS5&&1TK&IB = 0 a N&SI2KKI3 KKK EIB = 0 P| 
I8=1 Il =1,17=1,18=1, 
N&&I2ERB&&I4&&IS5&&16&&17 = 0 mI N&&I2Z&&B&&I4&&I8 = 0 


Fig. 3. Fuzzy logic rules 


The watershed segmentation algorithm is used in computer vision to recognize objects. It was originally developed 
for cartography. And now it perceives images as a topographic landscape, where the grayscale intensity corresponds to 
the terrain elevation. Watershed lines outline individual objects as boundaries between drainage basins. By filling the 
landscape from local minima, the algorithm separates objects by the intensity of gray color. 
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The watershed detection algorithm is effective for some applications, but it can be sensitive to noise and may cause 
over-segmentation. In practice, careful preprocessing and marker-driven watershed options are used to improve 
performance [11]. 

The watershed algorithm output is shown in Figure 4. 


Reference lines on X-ray images 
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Fig. 4. Watershed algorithm output: 
a — original image; b — result of watersheds 


Research Results. After using the watershed algorithm, boundaries were drawn for the points under study [12]. To 
construct reference lines, the extreme points were calculated along the boundary of the mark (selected region) of the bone. 
Then, the center of mass was calculated, the image was converted to binary format, and its center was found. Having 
determined the extreme points on four sides, we took the middle of the top of the upper bone, the middle of the base of 
the lower bone and drew a line. 

We used the formula for calculating the angle between two lines and three coordinate points: aa, bb and cc. Two are 
the extreme points of both lines, and one is the common point of their intersection [13]. 


b=-axuit+y, (2) 
x1 =i —b+a, x2 =y2—b+a, (3) 
a =1.0x(y2-y1)+1.0x(x2—%1). (4) 


Figure 5 shows the result of constructing reference lines and angles on X-ray images. 


¢ Reterence lines on X-ray images - x ¢ Reference lines on X-ray images - 
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Fig. 5. Results of using the improved watershed algorithm on X-ray images: 
a — construction of reference lines; b — calculation of angles 


The performance of the Canny edge detector [14] was compared to the results of the new algorithm proposed by the 
author. The higher performance of the latter solution is obvious. This is explained, firstly, by the improvement of the 
Canny operator. Secondly, the new method is integrated with an improved Gaussian filter. Therefore, there is no need for 
an additional filter, and the execution time of the algorithm is reduced. Its implementation has significantly increased the 
accuracy and yielded better results, specifically for images of radial lines with high noise levels. 
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The new solution was implemented at Al-Basel Hospital in Latakia, Syria. Images from two X-ray machines were 
used. The program was applied to X-ray images of 500 patients. In 490 cases, no manual processing was required, i.e., 
the accuracy of the results was 98%. Image processing took about 20 seconds. 

The proposed algorithm is implemented in Python with a graphic interface. The scheme for creating reference lines and 
angles for processing X-ray images of the knee joint is designed to improve the interpretation of X-ray images (Fig. 6). 


Input image 


Canny algorithm 
(automatic calculation 
of T1, T2) 


Morphological 
operations 


Calculation of the centers 
of mass of the knee joint 


Watershed 
algorithm 


Calculating points of each 
knee contour 


Caclculation and 
determination of reference 
lines and angles 


Fig. 6. Improved algorithm for creating reference lines and angles for processing knee joint X-ray images 


Discussion and Conclusion. A new approach to knee X-ray imaging is being used at Al-Basel Hospital (Latakia, Syria). 
The practice has shown the value of advanced automated image analysis in improving diagnostic accuracy. It should be noted 
that even an earlier version of the program effectively identified bone abnormalities that were missed by visual analysis [15]. 
With the help of the proposed solution, orthopedists can qualitatively work through subtle factors indicating violations, as well 
as combinations of indicators that can cause confusion and hinder the detection of pathology. It follows that the use of the 
approach described in this article allows us to reasonably expect an increase in the quality of medical services in the field of 
orthopedics and surgery. Specialists receive tools for more precise planning and execution of operations. In addition, the new 
solution opens up opportunities for better organization of conservative treatment taking into account the individual 
characteristics of the pathology. 
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Scientific research in this line should be continued to expand diagnostic capabilities and a range of treatment strategies 
for musculoskeletal diseases. Of particular interest is achieving absolute, 1.e., 100% accuracy in algorithmic determination 
of the lines. The time for image processing should also be reduced. Optimization of computational processes will provide 
obtaining results faster, which is particularly important in emergency diagnostics. In addition, it is advisable to refine the 
method for analyzing more complex clinical cases. Another promising direction is adapting the algorithm for analyzing 
other joints, such as hip or shoulder joints. 
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